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ABSTRACT: Human purine nucleoside phosphorylase (PNP) is a homotrimer binding tightly to the transition
state analogues Immucillin-H (ImmH; Kd = 56 pM) and DATMe-ImmH-Immucillin-H (DATMe-ImmH;
Kd = 8.6 pM). ImmH binds with a larger entropic penalty than DATMe-ImmH, a chemically more flexible
inhibitor. The testable hypothesis is that PNP conformational states are more relaxed (dynamic) with
DATMe-ImmH, despite tighter binding than with ImmH. PNP conformations are probed by peptide amide
deuterium exchange (HDX) using liquid chromatography high-resolution Fourier transform ion cyclotron
resonance mass spectrometry and by sedimentation rates. Catalytically equilibrating Michaelis complexes
(PNP 3PO4 3 inosine T PNP 3Hx 3R-1-P) and inhibited complexes (PNP 3PO4 3DATMe-ImmH and
PNP 3PO4 3 ImmH) show protection from HDX at 9, 13, and 15 sites per subunit relative to resting PNP
(PNP 3PO4) in extended incubations. The PNP 3PO4 3 ImmH complex is more compact (by sedimentation rate)
than the other complexes. HDX kinetic analysis of ligand-protected sites corresponds to peptides near the
catalytic sites. HDX and sedimentation results establish that PNP protein conformation (dynamic motion)
correlates more closely with entropy of binding thanwith affinity. Catalytically active turnover with saturated
substrate sites causes less change in HDX and sedimentation rates than binding of transition state analogues.
DATMe-ImmH more closely mimics the transition of human PNP than does ImmH and achieves strong
binding interactions at the catalytic site while causing relatively modest alterations of the protein dynamic
motion. Transition state analogues causing the most rigid, closed protein conformation are therefore not
necessarily the most tightly bound. Close mimics of the transition state are hypothesized to retain enzymatic
dynamic motions related to transition state formation.

Human purine nucleoside phosphorylase (PNP) catalyzes the
reversible phosphorolysis of 6-oxypurine nucleosides and
6-oxypurine 20-deoxynucleosides. A PNP genetic deficiency
causes accumulation of deoxyguanosine in blood. Since activated
T-cells efficiently convert deoxyguanosine to dGTP, an absence
of PNP results in the arrest of DNA synthesis and apoptotic cell
death. Thus, inhibition of human PNP is a target for the
treatment of T-cell proliferative and autoimmune disorders,
including T-cell leukemia, rheumatoid arthritis, multiple scle-
rosis, and tissue transplant rejection (1-4).

The Immucillins are transition state analogue inhibitors of
PNP. Immucillin-H (ImmH) was designed to mimic the early
dissociative transition state of bovine PNP and is an imperfect
match to the human PNP transition state but still binds tightly
(Kd = 56 pM). DATMe-Immucillin-H (DATMe-ImmH) is an
acyclic imino alcohol mimic of the fully dissociative transition
state of human PNP. It closely resembles the transition state of
human PNP, resulting in a Kd of 8.6 pM (5-8) (Table 1).

DATMe-ImmH contains more rotational and vibrational de-
grees of freedom than ImmH does. Thermodynamic analysis of
ImmH binding indicates a large and unfavorable entropy change
of 7.1 kcal/mol upon binding to E 3PO4 (Table 1). In contrast, the
entropic penalty for DATMe-ImmH binding is only 2.3 kcal/
mol. The thermodynamic differences observed for ImmH and
DATMe-ImmH binding have been proposed to reside in in-
creased PNP dynamic freedom (entropy) in the complex with the
more flexible DATMe-ImmH inhibitor (20). Here we test the
hypothesis directly by hydrogen-deuterium exchange (HDX)
and sedimentation coefficients. The HDX analysis permits the
identification of conformational dynamics in the protein as
influenced by the E 3PO4, E 3PO4 3 inosine T E 3 ribose-1-PO4 3
hypoxanthine, E 3PO4 3 ImmH, and E 3PO4 3DATMe-ImmH
complexes (9-14). HDX is the probability of water gaining
reactive access to a specific peptide bond during the experimental
time period. Exchange is base-catalyzed and therefore contains
both geometric access and local pKa elements.

Sedimentation coefficients are related to global protein aver-
age cross section and were measured by analytical centri-
fugation (15-17). The sedimentation coefficient provides protein
conformational information since the sedimentation coefficient,
S, depends on the frictional coefficient, f (S=Mb/f), a reflection
of molecular size and shape. Small differences in the sedimenta-
tion coefficient can be reliably detected with the appropriate
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internal controls (18, 19). The sedimentation coefficient provides
a useful global shape parameter to complement the local in-
formation provided by HDX.

Thermodynamic analysis of transition state analogues of
human PNP indicates that chemically rigid Immucillins (e.g.,
ImmH) bind human PNP with large and favorable enthalpy
terms that are compensated by unfavorable entropy changes.
Chemically flexible Immucillins like DATMe-ImmH bind to the
enzyme with smaller favorable enthalpy changes but also with
smaller unfavorable entropy changes and hence higher binding
affinity (20). Increased flexibility in the transition state analogues
was proposed to permit increased dynamic flexibility in the
enzyme-inhibitor complexes to reduce the system entropic
penalty. We test this hypothesis by the independent methods of
HDX and sedimentation analysis. The entropic contributions of
ImmH and DATMe-ImmH binding to PNP 3PO4 correlate with
altered dynamics in the PNP protein structures and restricted
conformational states. PNP operating at its maximum catalytic
potential (kcat) permits more rapid HDX, suggesting greater
conformational flexibility with respect to water T peptide bond
exchange rate than that in either of the complexes with transition
state analogues.

MATERIALS AND METHODS

Enzyme Purification and Preparation. His-tagged human
PNP was expressed and purified to homogeneity as judged by
SDS-PAGE according to procedures previously reported (7, 20).
Preparation ofNon-His-TaggedHumanPNP.Analytical

centrifugation experiments were conducted with human PNP
lacking the histidine tag. The open reading frame for HsPNPwas
cloned into the pCR-T7/CT-TOPO vector (Invitrogen) as des-
cribed previously (7). The resulting plasmidwas transformed into
BL21-AI Escherichia coli cells (Invitrogen) and grown overnight
onLBagar plates containing 100 μg/mL ampicillin. A colonywas
used to inoculate two 100 mL cultures (LB medium with
ampicillin, 100 μg/mL) which were grown overnight at 37 �C
and used to inoculate 20 L of LB containing ampicillin. The
culture was grown to an OD600 of 0.4-0.6 (3-4 h) and induced
with L-arabinose (0.2%) for 4 h at 37 �C. Cells were pelleted and
resuspended in 300 mL of 5 mM imidazole, 500 mM NaCl,
20 mM Tris-HCl buffer (pH 8.0), protease inhibitor (2 tablets of
EDTA-free protease inhibitor, RocheDiagnostics), and approxi-
mately 1 mg each of DNase I (from bovine pancreas, RocheDia-
gnostics) and lysozyme (from chicken egg white, Sigma-
Aldrich). The cells were disrupted twice with a French press.

The supernatant from centrifugation (39000g for 30 min) was
applied to a 140 mL Q-Sepharose FF column previously equili-
brated with 3 column volumes of 50 mM Tris-HCl (pH 8.0).
Human PNP was eluted with 1 mMNaCl and 50 mM Tris-HCl
(pH 8.0) with an AKTA FPLC system (GE Healthcare). Frac-
tions with human PNP [sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE)] were concentrated to approxi-
mately 25 mL with an AMICON filtration system. (NH4)2SO4

(up to 1 M) was added to the concentrate and the resulting
solution loaded onto a 20 mL HiPrep Phenyl FF column (GE
Healthcare) previously equilibrated with 50 mMKPO4 (pH 7.4).
Human PNP was eluted with 1 mM (NH4)2SO4 and 50 mM
KPO4 (pH 7.4). Fractions containing PNP were pooled, con-
centrated to approximately 12 mL, and loaded onto a 200 mL
Superdex size-exclusion column previously equilibrated with
50 mM KH2PO4 (pH 7.4). Fractions containing pure human
PNP (SDS-PAGE) were concentrated to approximately 20 mL.
The enzyme was dialyzed against 50 mMKH2PO4 (pH 7.4, 24 h)
and the dialysate retained for ultracentrifugation experiments.
The preparations yielded PNP at approximately 6 mg/mL.
Hypoxanthine copurifying with the enzyme was removed via
incubation in 100 mM KH2PO4 containing 10% charcoal (w/v)
for 5 min followed by centrifugation and filtration to remove the
charcoal (21). Small plastic tubes containing 1.8 mL each were
frozen rapidly in liquid nitrogen and stored at -80 �C.
Hydrogen-Deuterium Exchange (HDX) Automated

HDX Platform. Hydrogen-deuterium exchange, low-pH
quench, proteolysis, and liquid chromatography of peptide
fragments were all performed at 0 �C. A Leap robot (HTS
PAL, Leap Technologies, Carrboro, NC) was used to automate
the HDX experiment (22). Triplicate data sets were collected for
11 different incubation periods: 0 (digestion without exchange),
0.5, 1, 2, 4, 8, 30, 60, 120, 240, and 480 min. The Leap robot was
interfaced with a Jasco HPLC/SFC system (Jasco, Easton, MD)
for fast desalting chromatography of proteolytic samples (23).
Proteolytic peptides or intact PNP (30 μL injection) was sepa-
rated on a ProZAP HP C18 column [HR 1.5 mm particle size,
2.1 mm � 10 mm, and 500 Å pore size (Grace Davidson,
Deerfield, IL)]. Solvent was delivered at a rate of 300 μL/min
with a 1.5 min fast gradient (from 2 to 95% solvent B). Solvent A
was a 94.5/5.0/0.5 (v/v) H2O/ACN/formic acid mixture, and
solvent B was a 5.0/94.5/0.5 (v/v) H2O/ACN/formic acid mix-
ture. A postcolumn splitter reduced the LC eluent to 450 nL/min
for efficient microelectrospray ionization (24).
HDX of PNP with Inhibitors and Substrates. Hydro-

gen-deuterium exchange was performed on samples containing
50mMsodiumphosphate (pH 7.4) and the following protein and
inhibitor concentrations: (1) 60 μM PNP (20 μM trimer, 60 μM
with respect to catalytic sites), (2) 60 μM PNP and 175 μM
ImmH, (3) 60 μM PNP and 185 μM DATMe-ImmH, and (4)
60 μM PNP with 300 μM inosine. Exchange was initiated via
addition of 5 μL of each sample to 45 μL of 50 mM sodium
phosphate in D2O (pH meter reading of 7.8). At the end of the
desired exchange period, 50 μL of Protease type XIII (2.0 mg/
mL) in 1.5% formic acid was added and incubated for 2 min (pH
2.5) (25). Conditions for intact protein exchange experiments
were the same as those described above, except that 50 μL of
1.5% formic acid (without protease) was added to quench the
deuterium exchange and incubated for 2 min prior to injection.
Instrumentation and Data Analysis. Mass spectro-

metry was performed with a modified LTQ FT-ICR mass
spectrometer equipped with a 14.5 T superconducting magnet

Table 1: Thermodynamics of Binding of ImmH and DATMe-ImmH to

Human PNP

aThe Kd values were determined from inhibition assays performed in
50 mM KH2PO4 at pH 7.4 and 25 �C. bFrom ref 6. cfrom ref 8. dThe ΔH
values were determined from ITC titrations of a single subunit on the
enzyme in 50 mM KH2PO4 at pH 7.4 and 27 �C (20).
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(Thermo Electron Corp., San Jose, CA) (26). FT-ICR mass
spectra of proteolytic peptides were collected atm/z 400-1600 at
high mass resolving power (m/Δm50% = 200000 at m/z 400;
m/Δm50% is the mass spectral peak full width at half-maximum
peak height). Data were extracted fromRAW files with a custom
software package that takes full advantage of high-resolving
power and accurate mass measurements (22). All identified
peptides had a mass error of <1.5 ppm. For global PNP
exchange experiments, LC-MS data were collected at m/z
897-910. On the basis of broadband detection (data not shown),
the þ40 charge state provided the highest signal magnitude.
Global hydrogen-deuterium exchange data were collected and
analyzed with MIDAS. The number of deuteriums incorporated
was determined by extracting the average mass of the isotopic
distribution for a particular exchange period and subtracting it
from the average mass for nonexchanged PNP. Deuterium
uptake curves were plotted with Microsoft Excel after the data
had been fit with maximum entropy method (MEM) soft-
ware (27). TheMEM software allows for the input of the number
of total exchangeable hydrogens, the number of hydrogens
exchanged for each exchange period, and the standard deviation
for each exchange period. The final output provides a best-fit
curve and aMEM-derived rate constant distribution. The best-fit
curves for each individual peptide for each experiment were
plotted together to visualize the change in deuteriumuptake upon
binding to different ligands.
Analytical Centrifugation (sedimentation velocity). The

rate of sedimentation of PNP 3PO4 and the enzyme in complex
with both substrates and inhibitors was determined by sedimen-
tation velocity experiments monitored with the interference
optics of a Beckman XL-I analytical ultracentrifuge. The experi-
ments were performed with double sector cells in the Ti-60 rotor
and a speed of 45000 rpm. Each sample contained 5 mg/mL PNP
in 50 mM potassium phosphate buffer (pH 7.4) and 400 μM
inhibitor or 1 mM inosine. Extinction constants were as follows:
ε280= 31650M-1 cm-1 for human PNP, ε261= 9540M-1 cm-1

for Immucillins, and ε248.5= 12300M-1 cm-1 for inosine (http://
www.expasy.org/tools/protparam/html) (28, 29). Each double
sector cell was filled with 350 μL of potassium phosphate buffer
(left chamber) and 334 μL of PNP-containing sample (right
chamber).Up to 200 scanswere acquired over the course of a run.
Each measurement was acquired in triplicate with a PNP 3PO4

internal standard always included. The sedimentation coefficient
(S) was calculated from a subset of these scans using DCDTþ
version 2.1 (http://www.jphilo.mailway.com). The resulting S
values were adjusted to standard conditions [S(20,w)] based on the
following values: νh=0.7373 (from the amino acid composition),
solvent density, and viscosity calculated with Sednterp version
1.06 (B. Hayes, T. Laue, and J. Philo, Sedimentation Interpreta-
tion Program, 2003, University of New Hampshire, Durham,
NH). The S values of the complexes were corrected for the
increased molecular mass upon addition of ligand prior to taking
their ratio with the apoenzyme.
Analytical Centrifugation (sedimentation equilibrium).

Sedimentation equilibrium experiments were performed with the
interference optics of a Beckman XL-I analytical ultracentrifuge
with six-channel centerpieces in the Ti-60 rotor at 25 �C.Each six-
channel cell was filled with 120 μL of potassium phosphate
dialysate in the reference channels and was paired with channels
filled with 110 μL of PNP-containing sample. Three samples
(PNP 3PO4, PNP 3PO4 3 ImmH, and PNP 3PO4 3 inosine) were
analyzed at three concentrations (1, 4, and 8 mg/mL). The same

enzyme:ligand ratios were used for the ImmH- and inosine-
containing samples as in the sedimentation velocity experiments.
Data were collected at 22 and 24 h to ensure that equilibriumwas
attained following equilibration at 9000 and 13000 rpm. The
scans obtained at the two speeds were globally analyzed with
HeteroAnalysis version 1.0.114 (J. L. Cole and J. W. Lary,
Analytical Ultracentrifugation Facility, Biotechnology Services
Center, University of Connecticut, Storrs, CT) for the weight-
averagemolecular weight. The resolvedmolecular weight and the
95% joint confidence intervals are reported.

RESULTS

Global H-D Exchange for Human PNP. Human PNP is
a homotrimer with 289 amino acids per monomer, a subunit
molecular weight of 32148, and 275 exchangeable amide protons
per subunit (Figure 1).With the N-terminal His-6 label construct
used for HDX, the calculated molecular weight is 36101. HDX
compared PNP 3PO4 with an actively catalyzing Michaelis com-
plex (PNP 3 Ino 3PO4 T PNP 3Hx 3R-1-P) and two complexes
with transition state analogue inhibitors. Global H-D exchange
comparing the PNP 3PO4 and PNP 3PO4 3 ImmH complexes
showed a reduced level of incorporation of deuterium into
PNP 3PO4 3 ImmH (Figure 2). After exchange for 30 s, 94 amide
hydrogens are exchanged in PNP 3PO4 compared to 83 for
PNP 3PO4 3 ImmH. Therefore, 11 protons are protected from
rapid exchange by ImmH binding. After exchange for 8 h, 129
and 114 amide hydrogens are exchanged in the PNP 3PO4 and
PNP 3PO4 3 ImmH complexes, respectively, with 15 fewer ex-
changeable amides in the PNP 3PO4 3 ImmH complex. Relative
to PNP 3PO4, 13 amide protons are protected in the PNP 3PO4 3
DATMe-ImmH complex, but only nine are protected in the
actively reacting Michaelis complex (Figure 3). The reacting
Michaelis complex is saturated with reactants to give >95% of
the enzyme in the (PNP 3 Ino 3PO4 T PNP 3Hx 3R-1-P) com-
plexes. On the basis of binding and crystallographic analysis, all
three catalytic sites are occupied with inhibitors or substrate and
product at these concentrations (20). Under the conditions used
to form the Michaelis complexes, the enzyme catalyzes on-
enzyme chemistry at a rate of approximately 200 s-1 (21). Global
HDX for PNP reveals that the largest protection from amide
proton exchange occurs in the PNP 3PO4 3 ImmH complex even
though DATMe-ImmH binds more tightly (56 and 8.6 pM,
respectively). As shown below, on the basis of peptide analysis,
most of the protected amide protons are found near the catalytic
sites of PNP (Figure 4).
Peptide H-D Exchange. The peptide exchange protocol

identified 59 proteolytic peptides, representing 95% of the
primary sequence, by Fourier transform ion cyclotron resonance
(FT-ICR) mass spectrometry (30, 31). HDX into peptides reveals
specific peptides with different exchange rates (Figure 5 and
Figure 1 and Table 4 of the Supporting Information). Peptides
V79-H86, V195-E205, V208-G232, and I241-D248 exhibited
the greatest HDX variability of the PNP complexes. The
exchange rate constant distribution derived from the H-D time
course data (Figure 5 and Figure 1 and Table 4 of the Supporting
Information) is plotted on the x-axis, and the y-axis is scaled such
that the total area under the curve corresponds to the total
number of exchangeable amide protons in the peptide. Rate
constants too fast or slow tobe determined from the experimental
data are represented by horizontal lines to the left or right,
respectively (30). Deuterium exchange into these four peptides is
slowest for the PNP 3PO4 3 ImmH complex followed by the
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PNP 3PO4 3DATMe-ImmH complex, is faster for the reacting
Michaelis complex, and is most rapid for the PNP 3PO4 binary
complex.
Peptide V79-H86. Approximately half of the seven ex-

changeable amide protons in this peptide are exchanged over 8 h,
andmost are exchanged rapidly (Figure 5 andFigure 1 andTable
4 of the Supporting Information). The catalytically equilibrating
Michaelis complex is no different from PNP 3PO4 in terms of the
solvent exchange for peptide V79-H86. The PNP 3PO4 3
DATMe-ImmH complex prevents exchange of an additional
proton, whereas the PNP 3PO4 3 ImmH complex prevents ex-
change of two additional protons. Peptide V79-H86 includes
Arg84 and His86, both of which form ionic or hydrogen bond
interactions with bound phosphate in PNP 3PO4 3 ImmH. In
PNP 3PO4 3DATMe-ImmH, His86 is closer and Arg84 is less
involved in hydrogen bonding to the phosphate molecule

(Figures 6 and 7). This difference is proposed to provide
increased V79-H86 dynamic motion in the PNP 3PO4 3
DATMe-ImmH complex and accounts for the altered amide
proton exchange for this peptide.
PeptideV195-E205.Amino acids Phe200 andGlu201 from

peptideV195-E205 are in contactwith the purine base (Figures 6
and 7). Glu201 is in H-bond contact with N1, a leaving group
interaction, and Phe200 is in a stacking interaction with the
purine base (32). In the X-ray structure of ImmH and phosphate
with PNP, a catalytic water molecule mediates a second contact
with Glu201 through the 6-oxygen atom of the purine base
(Protein Data Bank entry 1rr6). This peptide is reasonably
ordered even in the absence of a purine base since only three of
the nine amide protons in peptide V195-E205 are exchanged in
PNP 3PO4 (Table 4 of the Supporting Information). The cataly-
tically active Michaelis complex reduces the number of protons

FIGURE 1: Amino acid sequence of human PNP indicating the peptides analyzed for the hydrogen-deuterium exchange experiments. Peptides
were generated by digestion of PNP at pH 2.5 with Protease type XIII in 1.5% formic acid. Although His-tagged human PNP was used in these
experiments, the initial 35 amino acids belonging to the tag are not shown and exchangewas notmeasured in this region. The amino acids colored
red are involved in Immucillin and substrate binding at the catalytic sites.

FIGURE 2: Comparison of incorporation of deuterium into PNP complexes monitored over an 8 h time period: PNP 3PO4 (black spectra) and
PNP 3PO4 3 ImmH (red spectra). At each time interval, more deuterium is incorporated into the PNP 3PO4 complex than into the
PNP 3PO4 3 ImmH complex. The Blank compares the complexes prior to addition ofD2O.DuringMS, PNP subunits dissociate and the inhibitor
ligands are lost. Thus, the calculated mass (36101 amu) is close to the determined mass (36079 amu), and no mass for inhibitor or phosphate is
observed. The ImmH concentration gives >97% of catalytic site saturation under these conditions.
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exchanged to two, while the DATMe-ImmH and ImmH com-
plexes reduce the number of protons exchanged to 1 and 0.5
(exchange in half the peptides detected by MS), respectively
(Table 4 of the Supporting Information).
Peptide V208-G232. Six of the 23 exchangeable amide

protons in peptide V208-G232 are exchanged in PNP 3PO4

(Table 4 of the Supporting Information). This peptide retains
the same solvent access in catalytically active PNP and the same
extent of amide proton exchange. The number of exchanged
protons decreases to 3.5 with ImmH bound and to 4 with
DATMe-ImmH bound (Figure 5 and Table 4 of the Supporting
Information). Peptide V208-G232 containsMet219 and Ser220,
both of which form hydrogen bond contacts within the catalytic
site (Figures 6 and 7). The carbonyl oxygen of Met219 forms a
hydrogen bondwith the ribose ring, while the side chain hydroxyl
of Ser220 forms a hydrogen bond with the bound phosphate.
Peptide I241-D248. Asn243 forms two of the three hydro-

gen bonds between PNP and the purine base, important contacts
for leaving group activation (Figures 6 and 7). Of the seven
exchangeable amide protons in I241-D248, 4.5 are exchanged in
the PNP 3PO4 complex. Remarkably, this value is unchanged for
the catalytically equilibrating Michaelis complex (Figure 5 and
Table 4 of the Supporting Information). PNP 3PO4 3 ImmH and
the DATMe-ImmH complexes protect this peptide, permitting
exchange of only two amide protons. Thus, the contact ofAsn243
(I241-D248) with the purine base, known to exist in both
hypoxanthine and nucleoside complexes, remains dynamic

FIGURE 3: Global deuterium uptake as a function of time showing
the changes in deuteriumuptake for PNPwithphosphate only (blue),
the reacting Michaelis complex (red), the DATMe-ImmH complex
(green), and the ImmH complex (orange). Over the 8 h time period,
the largest reduction in the level of amide proton exchange is seen for
the sample containing ImmH and the smallest reduction for the
catalytically active Michaelis complex. These differences are high-
lighted in the inset which shows the same exchange for the first 2 h.

FIGURE 4: Stereo tube diagramof the three-dimensional structure of the human PNP trimer in the presence of ImmHand phosphate (A) or in the
presence ofDATMe-ImmHand phosphate (B). ImmHand phosphate are colored yellow in all catalytic sites in panel A. Exchange sites based on
H-Dexchange properties are color-coded from the peptideH-Dexchange data. Gray denotes peptides with no change in deuterium uptake as a
consequence of Immucillin binding.Bluedenotes peptides stronglyprotected fromH-Dexchange as a consequence of Immucillin binding.Green
denotes peptideswith no sequence coverage.Most exchange occurs at the surfaces exposed to solvent, andmost reductions in the level of exchange
occur at the catalytic/binding sites. In panel B, DATMe-ImmH and phosphate are colored yellow in all catalytic sites. Exchange sites based on
H-D exchange properties are color-coded as described above from the peptide H-D exchange data.Most exchange in the presence of DATMe-
ImmH and phosphate occurs at the surfaces exposed to solvent, and most reductions in the level of exchange occur at the catalytic/binding sites.
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during catalysis when the catalytic sites are continually saturated
with hypoxanthine and inosine. Thus, motion for the peptide
containingAsn243 is dynamic in catalysis but is sequestered from
solvent when transition state analogues are bound.
Hydrodynamic Changes Determined by Analytical Cen-

trifugation. Sedimentation equilibrium studies estimate mass
and confirmed that PNP is a tightly associated trimer and does
not dissociate under conditions used here for HDX analysis.
Thus, the molecular weights determined for PNP 3PO4, equili-
brating PNP 3PO4 3 inosine, and PNP 3PO4 3 ImmH are identical
within experimental error (Table 2) and consistent with the
calculated trimer weight values including a bound ligand when
present.

Sedimentation velocity analysis of PNP in paired samples
tracked by interference optics established an increased sedimen-
tation rate (hydrodynamically more compact shape) with a
change of 0.68 ( 0.05% in S(20,w) for the catalytically active
Michaelis complex compared to that of PNP 3PO4. The
PNP 3PO4 3DATMe-ImmHcomplex exhibited a similar sedimen-
tation difference of 0.95 ( 0.38% relative to PNP 3PO4, indicat-
ing similar hydrodynamic properties for equilibrating
PNP 3PO4 3 inosine and PNP 3PO4 3DATMe-ImmH complexes.
However, both complexes are more hydrodynamically compact
than PNP 3PO4 is. The PNP 3PO4 3 ImmH complex sedimented
themost rapidly to give a 2.21( 0.23% increase in S(20,w) relative
to that of PNP 3PO4 and is therefore the most compact of these
species (Table 3). The conformational state(s) for PNP 3PO4 3
ImmH indicates decreased diffusion and/or reactivity of peptide

amide bonds with water and a more compact, stable architecture
of the PNP complex with this transition state analogue.

DISCUSSION

Amide hydrogens are involved in hydrogen bonds forming the
secondary structure of PNP and contacts to catalytic site ligands.
Thus, their exchange rates are a reflection of structure, stability,
catalytic site dynamics, and local pKa values for reacting water
molecules (30, 31, 33-35). Ligand binding to protein induces
conformational changes reflected in the rate of amide hydrogen
exchange with deuterated solvent. With PNP, exchange of
specific peptides is useful for probing the local solvent access
(dynamic motion) during catalytic function and in inhibitor
complexes. Dynamic motion is linked to proton exchange at
peptide bonds since solvent-exposed amide protons exchange
before the first time point in the protocol used here (e.g.,
Figure 2).

Sedimentation velocity can be interpreted to define the time-
averaged shape and size of the PNP trimeric protein (36, 37).
HDX is also a time-dependent process, both for the chemical
exchange rate (usually fast) and for the probability of exposing
specific regions of the protein to solvent (both fast and slow
components).
Dynamic Structures of PNP Complexes. The HDX

experiments show both transition state analogue complexes to
be less dynamic than the fully active enzyme (Figure 5). Transi-
tion state inhibitor binding protects amide hydrogens in the

FIGURE 5: Deuterium uptake as a function of time for peptides V79-H86, V195-E205, V208-G232, and I241-D248 showing changes in
deuterium uptake for PNPwith phosphate only (blue), the catalytically activeMichaelis complex (red), theDATMe-ImmHcomplex (green), and
the ImmH complex (orange). Highlighted in red in the peptide sequence are the residues implicated in nucleoside binding.
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vicinity of the PNP catalytic sites, but the actions are different for
ImmH and DATMe-ImmH. ImmH provides greater protection
from amide proton exchange than the complex formed with
DATMe-ImmH, despite the 6.5-fold tighter binding byDATMe-
ImmH. Thus, the complex with ImmH permits less dynamic
access to solvent than DATMe-ImmH does. Catalytic site filling
causes structurally significant changes in PNP geometry, pre-
dicting changes in backbone solvent access (Figure 8).
Ligand Binding Induces More Condensed PNP States.

Substrate and inhibitor binding to the symmetric PNP trimer
result in an increased sedimentation rate, which when interpreted
together with the H-D exchange data reveals a less dynamic and
more compact protein-ligand structure. Since the active PNP
complex (PNP 3PO4 3 inosine T PNP 3R-1-P 3Hx) is involved in
catalysis (200 s-1) during the experiments, the observed HDX
rate represents a statistical average of the substrate-bound and
product-bound enzyme. Since both reactants and products are
present at fixed concentrations during the exchange experiment,
the effects from substrate and reactant cannot be distinguished.
However, the small change in the sedimentation coefficient and
the modest protection from HDX relative to PNP 3PO4 demon-
strate that PNP stays flexible and dynamic while fully engaged in
enzymatic catalysis. It is remarkable that PNP 3PO4 3DATMe-
ImmH, a complex bound with an 8.6 pM transition state
analogue inhibitor, reveals hydrodynamic properties similar to
those of the equilibrating complexes.

Thermodynamics and PNP Dynamics. Thermodynamic
analysis of ImmH and DATMe-ImmH binding to the first
catalytic site of the PNP 3PO4 complex revealed that although
ImmH binds 6.5-fold more weakly to the enzyme it has a
substantially larger favorable enthalpy (-21.2 kcal/mol) and a
larger entropy penalty (7.1 kcal/mol) versus those of DATMe-
ImmH binding (ΔH = -17.5 kcal/mol; -TΔS = 2.3 kcal/mol)
(Table 1) (20). Entropic penalties can arise from increased
inhibitor order with bound solvent reorganization and increased
protein order parameters. If we assume that solvent and inhibitor
order changes are similar in both inhibitor interactions, the result
requires that the protein be more disordered in the more tightly

FIGURE 6: Ribbondiagram showing a catalytic site of humanPNP in
the presence of ImmH and phosphate: blue labels for residues
protected during H-D exchange, dark yellow for the ribbon struc-
ture of the monomer, bronze for the ribbon structure of the neigh-
boringmonomer, cyan for the carbonbackbone, blue for the nitrogen
atoms, red for the oxygen atoms, yellow for the sulfur atom, and gold
for the phosphorus atom. F159* is protected from the neighboring
subunit.Dashed lines represent hydrogenbonds or ionic interactions,
and distances are shown in angstroms (fromProteinDataBank entry
1rr6).

FIGURE 7: Ribbondiagramshowing a catalytic site of humanPNP in
the presence of DATMe-ImmH and phosphate: blue labels for
residues protected duringH-Dexchange, dark yellow for the ribbon
structure of the monomer, orange for the ribbon structure of the
neighboring monomer, cyan for the carbon backbone, blue for the
nitrogen atoms, red for the oxygen atoms, yellow for the sulfur atom,
and gold for the phosphorus atom. F159* is protected from the
neighboring subunit.Dashed lines represent hydrogen bonds or ionic
interactions, and distances are shown in angstroms (from Protein
Data Bank entry 3K80). In the DATMe-ImmH complex, the loop of
residues 50-65 is in its closed form, bringing H64 and G34 into
catalytic contact to be protected (Figure 8). These residues are not
protected in the ImmH complex (Figure 8).

Table 2: Calculated Molecular Weights Determined by Analytical Ultra-

centrifugation Sedimentation Equilibrium

complex apparent molecular weighta

PNP 3PO4 94268 (92425-96126)

PNP 3PO4 3 inosine 94261 (92667-95846)

PNP 3PO4 3 ImmH 96147 (94236-98058)

aThe resolved molecular weight and the 95% joint confidence interval
are reported. The results demonstrate no change in oligomer status as a
function of ligand binding.
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bound DATMe-ImmH complex. HDX and sedimentation rate
are independent and direct tests of this hypothesis.

The HDX and hydrodynamic data are consistent with varied
protein disorder when the transition state analogue binds to
human PNP. PNP 3PO4 3 ImmH is the more rigid complex,
suggesting that the 7.1 kcal/mol entropy penalty upon binding
comes primarily from protein organization or solvent reorgani-
zation. The more flexible DATMe-ImmH would be expected to
generate an equivalent or larger entropic penalty if the entropy
term consists of altered solvent plus inhibitor order parameters
on binding. Since DATMe-ImmH binds more tightly than
ImmH but with an entropy penalty of only 2.3 kcal/mol, we
propose that the large entropy term with ImmH is increased

protein order. This proposal is confirmed by both the HDX and
sedimentation velocity experiments.
Distinguishing Transition State Analogue Complexes

from Catalytic Complexes.Why do transition state analogues
produce more condensed enzyme states than catalytically func-
tioning enzyme? The PNP transition state is short-lived (lasting
∼10-14 s), while each catalytic turnover on the enzyme requires
5 � 10-3 s (21, 38). Formation of the short-lived transition state
requires a specific geometry of catalytic site elements. The
transition state-promoting geometry is formed only rarely by
realizing coincident and optimized distances among catalytic site
elements of the leaving group, the ribose, and the phosphate
nucleophile of the reactants. When all of these interactions are
simultaneously optimized, passage over the transition state
barrier occurs. The nearly instantaneous geometry that forms
the transition state generates the local dynamic conformational
change for only a few picoseconds or less and is a transient state,
not long-lived. The results suggest that this state arises from loose
dynamic states rather than a “clamped down” conformation that
exists for a significant part of the 5 ms catalytic cycle. Transition
path sampling of the PNP reaction indicates a reaction coordi-
nate lifetime of approximately 70 fs, occupying less than 10-9 s of
the catalytic cycle (38).

When a transition state analogue is bound to human PNP, the
transient, favorable interactions that form the transition state
become stable, thermodynamic interactions. The complexes
create a stable state from a closely related but very short-lived
(picoseconds) state that normally exists on the reaction coordi-
nate. Protein flexibility is necessary to allow catalytic site groups
to undergo the dynamicmotions required to search for and locate
the transition state. When transition state analogues are bound,
the enzyme forms favorable hydrogen bond and ionic interac-
tions that serve to convert the short-lived dynamic excursions
that form the transition state into long-lived thermodynamic
interactions. These structures approximate the dynamic excur-
sions involved in transition state barrier crossing. Protein evolu-
tion favors formation of the geometric arrangement that
promotes barrier crossing. Transition state analogues capture
this dynamic state, stabilize it into a thermodynamic state,
improve peptide backbone packing within the enzyme, and
provide a large binding energy for transition state analogue
complexes.
H-D Exchange in Related Systems. Solvent HDX with

hypoxanthine guanine phosphoribosyltransferase alone or in a
complex with a transition state analogue and the equilibrating
Michaelis complexes revealed that transition state analogue
binding strengthened the interactions between the subunits and
tightened the catalytic site loops relative to the Michaelis com-
plex (39). HDX in PNP from calf spleen bound to substrate,
product, and the transition state analogue ImmH showed the
most protection from HDX in the transition state analogue
complex (40). In both studies, the differences in HDX among the
different protein complexes supported decreased protein dy-
namics with bound transition state analogues but were not
confirmed by independent methods. The present study links
reduced dynamics from HDX to both thermodynamic and
hydrodynamic experiments.
Negative Cooperativity. Immucillins bind to the three

catalytic sites of human PNP in a negatively cooperative manner.
The catalytic sites are linked by a loop containing Phe159 that
contributes to the catalytic sites of the neighboring subunits.
Binding is weaker and more entropy-driven as the second and

FIGURE 8: Superimposition of apo PNP (blue), PNP-ImmH
(yellow), and PNP-DATMe-ImmH (magenta) monomeric struc-
tures. The DATMe-ImmH structure shows the movement of the
loop of residues 50-65 to a closed position which brings H64 into
catalytic contact with the phosphate molecule, while the apo and
ImmH structures show this loop in an open position.

Table 3: Percent Difference in S(20,w) from PNP 3PO4 (control) Determined

by Analytical Ultracentrifugation Sedimentation Velocitya

complex percent difference in S(20,w)

PNP 3PO4 3 inosine 0.68( 0.05

PNP 3PO4 3DATMe-ImmH 0.95( 0.38

PNP 3PO4 3 ImmH 2.21( 0.23

aEach sample was centrifuged in triplicate with PNP 3PO4 always
included as an internal standard. The individual and average S(20,w) values
were determined from runs summarized in Table 5 of the Supporting
Information. All complexes sediment more rapidly than PNP 3PO4 alone
(the internal control). The PNP 3PO4 3 inosine and PNP 3PO4 3DATMe-
ImmH complexes sediment within experimental errors of each other, but
both sediment significantly slower than the PNP 3PO4 3 ImmH complex.
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third sites are filled (20). Binding a transition state analogue to the
first catalytic site of human PNP causes a conformational change
that is transmitted throughout the trimer and is greater than that
for the second and third site binding. The large molar excess of
reactants and inhibitors used here ensures that all three sites are
filled during these experiments. HDX with calf spleen PNP
exchange established that filling one of the three catalytic sites
with ImmH resulted in similar HDX at all three subunits (40).
The physiological relevance of this effect is that filling a single
subunit on the enzyme renders the enzyme catalytically inac-
tive (41).

Substrate analogue or product binding to human PNP is not
cooperative and occurs with independent catalytic site interac-
tions (20). Crystallographic analysis of the enzyme in complex
with transition state analogues, substrates, and products reveals
that all three sites can be saturatedwith the ligands used here (42).
Flexibility of Transition State Analogues and PNP

Dynamics. DATMe-ImmH binds human PNP with a smaller
entropic penalty than ImmH, resulting in amore dynamic protein
structure but tighter binding with the DATMe-ImmH analogue.
HDX of individual peptides indicates that the three protected
amide exchange differences in the ImmH and DATMe-ImmH
complexes reside in peptides V79-H86, V195-E205, V208-
G232, and A262-F275. The first three of these peptides are in
contact with phosphate, ribose, and the purine base in the
catalytic site. Crystal structures of these PNP complexes demon-
strate that phosphate binding is connected to binding of the
transition state analogue via formation of hydrogen bonds
between the phosphate oxygens and the hydroxyl groups of the
inhibitors. Thus, inhibitor binding also influences peptides only
in contact with the phosphate. Bound DATMe-ImmH incorpo-
rates chemical flexibility into the hydroxyl groups interacting
with the phosphate and therefore allowsmoremotion of peptides
bridging the phosphate and ribosyl groups. Although peptide
A262-F275 has no direct contact with catalytic site ligands, it
resides in an R helix that begins with H257, an important contact
with the 50-hydroxyl groups of inosine as the substrate and ImmH
as the transition state analogue. With the acyclic structure of the
ribocation mimic of DATMe-ImmH, the increased dynamic
motion of His257 and its connected R helix is readily explained.

Geometric, electrostatic, and kinetic analysis of DATMe-
ImmH reveals it to be a better mimic of the human PNP
transition state than ImmH. With DATMe-ImmH, the enzyme
is more flexible in reaching a conformation similar to the
transition state than it is when ImmH is bound. PNP adopts a
stiffer overall geometry (and a large entropic penalty) to fit
ImmH into the active site. The more flexible geometry of
DATMe-ImmH and its extended distance between the leaving
group interactions and the ribocation mimic allow optimal
binding while retaining increased dynamic flexibility around
the catalytic sites, and therefore a smaller protein entropic
penalty in binding.

CONCLUSIONS

Unfavorable entropy changes accompany the enthalpy-driven
binding of Immucillins to human PNP. The large unfavorable
entropic change upon ImmH binding is caused by a condensed
protein dynamic structure, protecting more amide hydrogens
from exchange than in a complex with a more powerful but more
conformationally flexible inhibitor. The condensed state of the
ImmH complex is global and thus observed by changes in the

sedimentation rate. ImmH is not an optimal transition state
analogue for human PNP and induces rigidity in the protein. The
DATMe-ImmH transition state analogue is more closely
matched to the transition state of human PNP and is a flexible
molecule. TheΔG ofDATMe-ImmHbinding is greater than that
of the ImmH complex because of a smaller entropic penalty of
binding. That change in the entropic penalty is manifested as a
more flexible, dynamic complex with the bound DATMe-ImmH
complex. PNP protein dynamics are more active in the equili-
brating Michaelis complex than in the complexes of transition
state analogues. Transition state analogues cause protein con-
formational collapse around an architecture closely related to the
transition state, while reacting substrate complexes exhibit dy-
namic motion throughout the reaction cycle.
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